Background--Previous studies of age at menarche and cardiometabolic health report conflicting findings, and only a few could account for childhood characteristics. We aimed to estimate the associations of age at menarche with cardiovascular risk factors in unrelated women and within sister groups, under the assumption that within-sibship estimates will be better adjusted for shared genetics and early life environment.
line with these findings, there is some but less consistent evidence of an association between age at menarche and cardiovascular disease (CVD) events. 12, [16] [17] [18] Mendelian randomization studies suggest causal effects of greater childhood BMI on early timing of menarche and of earlier menarche on higher adult BMI and CVD risk, 19, 20 although genetic pleiotropy may at least partially explain these findings. 12 The few observational analyses that were able to adjust for childhood adiposity found that the associations of age at menarche with adult cardiometabolic health were virtually completely attenuated, suggesting that childhood adiposity is a key confounder. 4, 14 However, studies from populations in which childhood obesity is less prevalent, such as Korea, 5, 7, 8 Bangladesh, 6 China, 9 and Brazil, 10 also
indicate an association between early menarche and worse cardiometabolic health. Sibling studies controls for confounding (measured and unmeasured) by characteristics shared within families. 21, 22 The underlying assumption of this approach is that siblings share identical or very similar early life environments in addition to, on average, half of their genetic architectureoften referred to as fixed family characteristics-and thus individual-level confounding by characteristics that vary between siblings will be minimal. 23 This approach has been used to explore the associations of intrauterine exposures, such as higher maternal BMI and gestational diabetes, with later offspring adiposity 24 and of maternal age with perinatal outcomes, 25 for which the key concern is family-level socioeconomic confounding. Where the assumptions of the within-sibship analysis are likely to hold, differences between associations seen in unrelated individuals and within sibling groups are interpreted as being due to residual individualperson confounding in the former, whereas similarities in findings suggest that associations are not driven by shared genetic or early life environment. In this study, we estimated and compared the associations of age at menarche with measures of cardiometabolic health in unrelated women and within sister groups. Our assumption was that adiposity and lifestyle characteristics before menarche (ie, up to age %10 years) were likely to be very similar among sisters and that there would be little individual-level confounding by characteristics not shared among sisters up to this age.
Methods Generation Scotland: Scottish Family Health Study
This study included participants in the GS:SFHS (Generation Scotland: Scottish Family Health Study). 26, 27 The data, analytical methods, and study materials will not be made available to other researchers for the purposes of reproducing the results or replicating the procedure. Individuals aged 35 to 65 years who were registered with collaborating general practitioners in Glasgow and Tayside (expanded to include Ayrshire, Arran, and northeast Scotland in 2010) were recruited between 2006 and 2011. All volunteers provided written informed consent and had to identify 1 first-degree relative aged ≥18 years who would also consent to participate. Ethics approval was obtained by the National Health Service Tayside committee on research ethics (reference 05/ s1401/89). Data collected included self-reported information through questionnaires as well as clinical examinations and blood samples. The response rate was 5%, with 23 703 participants completing a preclinical questionnaire. Of the 13 946 women who completed the preclinical questionnaire, 11 639 had information on parental identification numbers needed to identify siblings, and 7770 had information on age at menarche and other covariates necessary for the current analysis ( Figure 1 ). The study sample thus included 5984 sister groups. The number of women in each sibling group ranged from 1 (no participating sisters for comparison) to 6 (5 participating sisters for comparison). A total of 3327 women had at least 1 participating sister.
Age at Menarche
The questionnaire used to obtain information about female reproductive health had 2 different versions. One version asked the woman to give her age in whole years when she had her first menstrual period, and the other version asked if her age at her first period was <8, 8 to 9, 10 to 11, 12 to 13, 14 to 15, 16 to 17, 18 to 19, ≥20, or not known. The new questionnaire was introduced in 2009 between July (Tayside) and October (Glasgow). The only difference between the groups that received the different questionnaires was the participation date. To allow for a nonlinear relationship, we categorized age at menarche as ≤11 years (early menarche), 12 to 13, 14 to 15, and ≥16 years (late menarche). The reference group in all analyses comprised those with an age at menarche of 12 to 13 years. There is some variation across studies in the definition of early menarche (≤10, ≤11, or ≤12 years) and late menarche (≥14, ≥15, or ≥16 years), likely influenced by the size and information available in the specific study, but our categorization is in line with commonly used cutoff values. [4] [5] [6] [7] [8] 10, 11, 14, 16 Cardiometabolic Health Outcomes
Cardiometabolic health was assessed by study nurses at recruitment. Systolic and diastolic blood pressure (mm Hg), calculated as the average of 2 measurements; BMI (weight in kg/height in m 2 ); waist circumference (cm); and 12-lead ECG were recorded (incorporated into a novel CVD risk prediction score). Total cholesterol, high-density lipoprotein (HDL)
Clinical Perspective
What Is New?
• Associations of early menarche with cardiovascular risk factors were explained by body mass index in adulthood.
• Adverse cardiometabolic health in women with early menarche is not likely to be explained by shared familial characteristics such as genetics or childhood environment.
What Are the Clinical Implications?
• Earlier age at menarche is characteristic of women with more adverse cardiometabolic health.
• Having a healthy body mass index in adulthood could help diminish differences in cardiometabolic health related to age at menarche.
cholesterol, and glucose were measured in serum using standard clinical assays. Non-HDL cholesterol was calculated by subtracting HDL cholesterol from total cholesterol. Overall, 85% of the blood samples procured from participants were fasting (a minimum of 4 hours since the last meal). Furthermore, self-reported information was available regarding diabetes mellitus in addition to the use of antihypertensive, lipid-lowering, and antidiabetic drugs. We calculated the 10-year risk of CVD using 2 different risk scores. One was the Framingham 10-year risk score, which includes age, total cholesterol, HDL cholesterol, systolic blood pressure, smoking, and diabetes mellitus. 28 The second was a new validated 10-year risk score for CVD from the NHANES (National Health and Nutrition Examination Survey) cohort that uses age and a range of measurements from ECG readings, including positive deflection of the T axis, negative deflection of the T axis, heart rate, and corrected QT interval. 29 The risk scores were calculated only for individuals who were between 30 and 74 years of age (81% of those included in this analysis) because the original risk scores were generated for this age group. Individuals with self-reported history of heart disease or stroke were excluded from the analysis of 10-year risk of CVD.
Potential Confounders
Additional self-reported information on characteristics that could plausibly influence the associations of age at menarche with cardiometabolic health-and confound it-included age at recruitment (continuous), ethnicity (white versus other), qualifications (from none to college/university degree, including 7 categories in total), annual household income in pounds sterling (<10 000, 10 000-30 000, 30 000-50 000, 50 000-70 000, ≥70 000, prefer not to answer), number of pack-years of smoking (none, 1-10, 11-20, >20), number of alcohol units consumed during the past week (none, 1-5, 6-10, >10 units), and number of hours of moderate or vigorous physical activity during the past week (≤1 hour, 1.1-3.0, 3.1-5.0, 5.1-10.0, 10.1-15.0, ≥15.1). Participants' reports of parental history of CVD (heart disease, stroke, and/or high blood pressure) and diabetes mellitus were also considered.
Statistical Analyses
We used fixed-and between-effects linear regression to evaluate the associations of age at menarche with cardiometabolic health. Fixed-effect linear regression provided the within-sibships association, which is the association between age at menarche and cardiometabolic outcomes controlling for characteristics that are identical or very similar among sisters, including genetics, parental socioeconomic position, and childhood lifestyle and adiposity. 30 The betweensibships estimate was the association of age at menarche with cardiometabolic health in unrelated women. The estimate used data from all individuals but related the mean of the cardiometabolic measures within a cluster (group of sisters) to the mean age at menarche within a cluster (group of sisters). 30 If the within-and between-sibships estimates both provide evidence of an association, this suggests that the association between age at menarche and cardiometabolic health is not explained by unmeasured confounding due to genetic or environmental characteristics shared by siblings.
To test whether the between-and within-sibship estimates were different, we used a bootstrapping test with 5000 iterations. We also tested for departure from linearity in the association between age at menarche and cardiometabolic health, using a likelihood ratio test comparing a model with age at menarche as a categorical covariate and a model using age at menarche as a continuum. We incrementally adjusted for age (model 1), ethnicity, educational qualifications, parental history of CVD, and parental history of diabetes mellitus (model 2). The multivariable analysis further adjusted blood pressure for use of antihypertensive drugs, cholesterol levels for lipid-lowering drugs, and glucose for use of antidiabetic drugs. Potential confounders are common causes of the exposure and outcome. We did not have any direct measures of childhood socioeconomic position in GS:SFHS and thus had to rely on adult educational attainment as a proxy for childhood socioeconomic position. Under the assumption that there are genes that are common determinants of age at menarche and adverse cardiometabolic health, which is clearly the case for obesityrelated genes, 20 ,31 parental histories of CVD and diabetes mellitus were also conceptualized as confounders. We then explored further adjustment for adult lifestyle characteristics, including pack-years of smoking, units of alcohol consumed during the past week, and number of hours of moderate or vigorous physical activity during the past week (model 3). These characteristics can be conceptualized as both potential confounders (due to tracking from childhood to adult life) and potential mediators, given evidence of associations between age at menarche and health-related behaviors.
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We also conducted secondary analyses adjusting the other cardiometabolic health outcomes for adult BMI to further explore potential direct associations. Different sensitivity analyses included adjusting for adult household income (not adjusted for in the primary analysis because it also reflects the partner's contribution), excluding those on medications that could influence the outcomes of interest (for blood pressure, cholesterol, and glucose) and excluding women who had an age difference of >4 years with their only sibling for comparison (ie, restricting the within-sibship analysis to sisters with an age difference of ≤4 years). This sensitivity analysis was done under the assumption that sisters who are closer in age are more likely to have a similar childhood environment. To examine the impact of nonfasting blood sampling on the associations, we reexamined the associations of age at menarche with HDL cholesterol, non-HDL cholesterol, and glucose, excluding women with a nonfasting blood sample (n=1132) and unknown fasting status (n=321). We also conducted a sensitivity analysis excluding women of non-European ethnicity (n=156).
The results presented are from a complete case analysis because it was not possible to conduct multiple imputation accounting for clustering, given the large number and small size of the sibling groups. All analyses were done using Stata version 14 (StataCorp).
Results
Women included in the analyses were younger, were more likely to be white, had higher educational qualifications, had lower annual household income, and were more likely to have a family history of CVD than those excluded because of missing covariate information (Table S1 ). There was no difference in parental history of diabetes mellitus (Table S1) . Of the women included in the analysis, 18% reported menarche at ≤11 years, whereas 52% were 12 to 13 years at menarche, 26% were 14 to 15 years at menarche, and 4% were ≥16 years at menarche. Age at menarche was associated with age at recruitment, qualifications, household income, parental history of diabetes mellitus, current use of antihypertensive medications, and, more weakly, with packyears of smoking, alcohol intake, and parental history of CVD (Table) . A greater proportion of the variation in age at menarche, qualifications, and adult BMI, in addition to other adult lifestyle characteristics, was explained by variation within as opposed to between sibships (Table S2 ). Looking more closely at the level of concordance of these traits within sibships, there was a moderate to strong concordance for most traits (Table S3 ).
Associations of Age at Menarche With Cardiometabolic Health Outcomes
There was strong evidence of nonlinear association for most outcomes in both the between-and within-sibship analyses (P values <0.01), with a few exceptions. Women with early menarche (≥11 years) had higher systolic and diastolic blood pressure and BMI and greater waist circumference compared with women with menarche at 12 to 13 years when examined both within and between sibships (Figure 2 ). Early menarche was also associated with lower HDL cholesterol and increased non-HDL cholesterol both between and within sibships ( Figure 3 ). There was no strong evidence for differences between the estimates from the between-and within-sibship analyses from the bootstrapping tests (Table S4 ). The only exceptions were the estimates of the associations of age at menarche between 14 and 15 years (versus 12-13) with BMI and waist circumference, for which the inverse association tended to be greater when evaluated within sibships (P=0.02 and P=0.07, respectively; Table S4 ). Multivariable adjustment caused only modest changes in these associations, including adjustment for adult lifestyle characteristics (Table S4 ).
Associations of Age at Menarche With 10-Year Risk of CVD
The correlation between the Framingham and NHANES 10-year CVD risk scores was 0.83. The likelihood ratio test comparing models including age at menarche as a categorical versus a continuous variable supported the presence of a nonlinear association between age at menarche and 10-year risk of CVD (P<0.01). Early menarche was associated with higher 10-year CVD risk using both scores compared with age at menarche of 12 to 13 years, which was consistent for both within-and between-sibship estimates ( Figure 4 ). Using the Framingham risk score, but not NHANES, age at menarche of ≥16 years was also associated with higher 10-year CVD risk in models 1 and 2 but not in model 3 (which controlled for adult characteristics; Table S5 ).
Sensitivity Analyses
Additional multivariable adjustment for adult household income did not change the associations (results available on request). Excluding those using antihypertensive medications from the analysis of blood pressure, those on lipid-lowering medications from the analysis of cholesterol, and those on antidiabetic medications from the analysis of glucose yielded similar associations but wider confidence intervals (Table S6) . When we adjusted the associations of age at menarche with other cardiometabolic outcomes for adult BMIs, all associations were attenuated and the confidence intervals included the null value (Tables S7 and S8 ). Restricting the withinsibship analysis to sisters with an age difference of ≤4 years yielded associations of slightly greater magnitude (Tables S9   and S10 ). The sensitivity analysis excluding women of nonEuropean ethnicity yielded findings similar to the main analysis (Tables S11 and S12 ). Finally, excluding women with a nonfasting blood sample did not change the observed associations of age at menarche with HDL or non-HDL cholesterol (Table S13 ). For glucose, the association with age at menarche of ≤11 years within sibships was of a slightly greater magnitude, whereas the association with menarche after 14 years within sibships was attenuated (Table S13) . However, these changes in the associations did not change the overall conclusion.
Discussion
In this sibship study, women who experienced early menarche (≤11 years) had a more adverse cardiometabolic profile and an increased 10-year CVD risk score compared with women who experienced menarche at 12 to 13 years. The results were similar in unrelated women and within sister groups. Later menarche (14-15 and ≥16 years) was associated with lower BMI and waist circumference (both within and between sister groups) but not with other cardiometabolic health outcomes or the 10-year risk of CVD. These results suggest that associations found in this study and elsewhere [1] [2] [3] [4] [5] [6] [7] [8] 10, 12, 13, 15 between early menarche and CVD risk factors and events are not explained by genetic or other characteristics shared by sisters. This interpretation requires a strong assumption: that there is little individual-level confounding. If siblings differ to a greater extent with regard to distributions of potential confounders than to the exposure of interest, the within-sibships analysis may be more biased than a standard analysis. 21, 33 Consequently, a key underlying assumption is that childhood adiposity (a key potential confounder in this study), and other lifestyle characteristics, are more similar within sisters than between unrelated individuals, and that the concordance for these potential confounders is greater than the concordance for age at menarche. The GS:SFHS does not have any information on childhood environmental characteristics; therefore, we cannot directly test this assumption. We did find moderate to strong concordance within sibling groups for adult socioeconomic position and lifestyle characteristics, which indicates that the main confounders for this analysis are likely strongly correlated within siblings, since childhood lifestyle is assumed to be even more concordant within siblings than adult lifestyle. When we repeated the within-sibships analyses among sisters with an age difference of up to 4 years, results were similar to the main analysis. Even though we found insufficient evidence to state that the estimates from the within-and between-sibship analyses differed, this might be influenced by the sample size, and we cannot exclude the possibility that a larger sample could provide more conclusive evidence for, or against, an unconfounded causal effect of age at menarche with adverse cardiometabolic risk.
Siblings are widely assumed to experience a similar environment during early childhood, but we might speculate that they start to increasingly diverge around school age. However, evidence shows that physical activity has a strong heritable component during adolescence 34, 35 and that familylevel characteristics play a more important role in determining children's sedentary time compared with school-level characteristics. 36 There is also a strong correlation in childhood adiposity among siblings, and having an obese elder sibling is associated with a 5-fold increase in obesity in the younger sibling; the similarity is even greater among siblings of the same sex.
37,38
Our results could be influenced by selection bias due to the low participation rate in the GS:SFHS; however, the mean age at menarche in the cohort (13.1 years) is fairly similar to the average reported for women born between 1950 and 1980 from the Breakthrough Generations Study (%12.7 years). 39 Notably, we had information on age at menarche only in years and not months in GS:SFHS, and this could have resulted in a slight overestimation of the mean. It is also important to keep in mind that the low participation rate also reflects the unique sampling strategy of the cohort because participants were required to identify a family member who was also willing to participate. We cannot exclude the possibility that participation could be influenced by background characteristics associated with both the exposure and the outcome, such as childhood socioeconomic position and/or lifestyle characteristics. For example, the proportion of women who had a university degree in our analysis sample was greater than the national average identified in the 2011 Scottish census (34% versus 25%). 40 This might have resulted in underestimation of the associations of interest. We relied on self-report of age at menarche a long time after the event occurred (median: 32 years; range: 5.5-59 years). This should not have resulted in substantial misclassification because previous studies have shown good validity of retrospectively recalled age at menarche. 34 However, any misclassification in the exposure tends to exaggerate effects in within-sibling analyses.
33 Consequently, if there were substantial misclassification of age at menarche, it would have caused overestimation of the association with cardiometabolic health within sister groups, and contributed to the weak evidence of a difference in the associations within sister groups and between unrelated individuals. This possibility cannot be excluded. Finally, our study had limited power to evaluate associations with late menarche, given the relatively modest size of this group in the cohort. Whether childhood adiposity is the sole driver of the associations of age at menarche with cardiometabolic health and CVD events, related to its strong inverse relationship with age at menarche, 41,42 remains to be determined. A limited number of studies were able to adjust for childhood characteristics when studying the associations of age at menarche with cardiometabolic health. 2, 4, 14 Two studies that had data on BMI before menarche indicated that adjustment for childhood BMI virtually completely attenuated the association between age at menarche and adult BMI. 4, 14 In this study and elsewhere, the associations of age at menarche with cardiometabolic outcomes were attenuated after adjustment for adult BMI. 4 However, because BMI tracks across the life course, it is difficult to truly distinguish confounding (childhood BMI) from mediation (adult BMI) of the associations of age at menarche with other cardiometabolic health outcomes. Greater confidence in causal inference from observational studies stems from consistent evidence across different studies and the use of different analytical approaches to address confounding and selection bias. 23 The sibling comparison used in the current study is one such study-design, but it is important to note that if its assumptions are violated, it may result in greater bias than conventional multivariable adjustment. Another increasingly popular approach is Mendelian randomization, which addresses unmeasured and residual confounding by using genetic polymorphisms as instrumental variables for the exposure of interest, based on their random allocation at conception resulting in their independence of confounding factors. 43 However, the potential to use Mendelian randomization to study age at menarche in relation to cardiometabolic health is hampered by the number of overlapping genes associated with both age at menarche and adiposity. 20, 31 Longitudinal studies with measures of adiposity before and after puberty have the potential to contribute valuable insight into the role of childhood adiposity in the associations of age at menarche with cardiometabolic health, with studies that have been able to do this suggesting that childhood BMI before puberty confounds any associations with adult BMI 4,14 and thus, potentially, with cardiometabolic risk.
In conclusion, early menarche is associated with an overall adverse cardiometabolic profile and a higher 10-year risk score for CVD. The associations were similar when evaluated within sisters and between unrelated individuals, suggesting that confounding by shared familiar characteristics is unlikely to be a major driver of the association; but, this does not exclude counfounding by individual-level characteristics.
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Disclosures
The proportion of variation explained by variation between sibships/groups of sisters estimated using the intra-class correlation coefficient from a random effects linear/logistic regression model. Table 4 ).
Model 2 Adjusted for all covariates in model 1 in addition to adult body-mass index.
* Outcomes log transformed and the coefficients reflect the percent change in the outcome. * The variables included in the Framingham risk score is age, total cholesterol, HDL cholesterol, systolic blood pressure, smoking and diabetes. † The information included in the NHANES ECG risk score included age, positive deflection of T axis, negative deflection of the T axis, heart rate and corrected QT interval. Model 1 Adjusted for age, ethnicity, qualifications, parental history of cardiovascular disease, parental history of diabetes, smoking, alcohol intake and leisure time physical activity (Model 3 from Table 2 ). Model 2 Adjusted for all covariates in model 1 in addition to adult body-mass index. 
